Post-transplant lymphoproliferative disorders (PTLDs) cover a broad spectrum of lymphoproliferative lesions arising after solid organ or allogeneic hematopoietic stem cell transplantation. The composition and function of the tumor microenvironment (TME), consisting of all non-malignant constituents of a tumor, is greatly impacted in PTLD through a complex interplay between 4 factors: 1) the graft organ causes immune stimulation through chronic antigen presentation; 2) the therapy to prevent organ rejection interferes with the immune system; 3) the oncogenic Epstein-Barr virus (EBV), present in 80% of PTLDs, has a causative role in the oncogenic transformation of lymphocytes and influences immune responses; 4) interaction with the donor-derived immune cells accompanying the graft. These factors make PTLDs an interesting model to look at cancer-microenvironment interactions and current findings can be of interest for other malignancies including solid tumors. Here we will review the current knowledge of the TME composition in PTLD with a focus on the different factors involved in PTLD development.
Introduction
Post-transplant lymphoproliferative disorders (PTLDs) cover a broad spectrum of lymphoproliferative lesions arising after solid organ or allogeneic hematopoietic stem cell transplantation [1] . The life-long incidence of this disease varies between 2 and 20% [2] and the 3-year overall survival is about 50%-60% since the introduction of rituximab/anti-CD20 monoclonal antibody treatment [3] . Considering the high life-long risk in the post-transplant (PT) population and poor overall survival, there is an urgent need for better therapies. Interference with the immune system by immunotherapy has been suggested in recent years [3] , because of the interplay of 4 major factors ( Fig. 1 ) in PTLD pathogenesis, each with a direct impact on the immune system: 1) the graft organ causes chronic immune stimulation through chronic antigen presentation; 2) the therapy to prevent organ rejection causes chronic immunosuppression; 3) the oncogenic Epstein-Barr virus (EBV), present in 80% of PTLD [2] , has a causative role in the oncogenic transformation of lymphocytes and influences immune responses; 4) donorderived immune cells accompanying the graft interact with the host immune cells [4] . PTLD in most cases develops from lymphocytes from host origin, but in some cases from cotransplanted immune cells. The role for the TME in donorversus host-derived PTLD remains enigmatic but might have prognostic significance [4] .
The tumor microenvironment (TME) consists of all nonmalignant cellular constituents of a tumor including mesenchymal cells, immune cells and also non-cell components such as extracellular matrix. In lymphoma the focus has been mainly on immune cells and more specifically the adaptive immunity and T cells, but innate immune cells such as natural killer (NK) cells might play a role as well [5] [6] [7] . This is particularly true for PTLD since different immune cells are all influenced by the mentioned factors that drive or influence pathogenesis.
The importance of immunity and consequently the TME in PTLD is illustrated by the following facts: 1) reduction of immunosuppression (RIS) is considered the first step in PTLD treatment whenever possible and a subset of PTLDs shows partial to even complete regression after RIS-only, irrespective of the EBV status [8] ; 2) EBV is asymptomatically present in around 95% of the adult world population [9] including the population of PT-patients and yet only a subset of PT-patients develop EBV-driven lymphoproliferations. The TME is considered to play a crucial role in the (failed) control of virus-induced replication in patients developing PTLD; 3) in contrast to lymphomas in immunocompetent patients, PTLD often develops in various extranodal sites such as the gastrointestinal tract (20-30% of cases) or the central nervous system (5-20% of cases) [3] , which are characterized by a different composition of TME compared to lymph nodes.
Despite the abovementioned evidence, studies investigating the TME in PTLD remain scarce. Prognostic biomarkers described for other lymphomas (e.g. classical Hodgkin's lymphoma [10] ), such as the amount of tumor associated macrophages [11, 12] or the ratio of Foxp3+ regulatory T cells to granzyme B+ cytotoxic T cells and NK cells, have not been validated in PTLD. Predictive biomarkers for response to RIS treatment do not exist nor are biomarkers available to identify an at risk population where control of EBV-driven proliferation will fail. In this manuscript we aim to review the current knowledge of TME composition in PTLD with a focus on the different factors involved in PTLD development.
PTLD, a Complex Disorder
PTLD is a complex disorder, with various histopathological presentations, comprising a spectrum from benign (mononucleosis-like) to malignant lymphoproliferations. The different morphological lesions are thought to represent the different -and in some cases sequential -stages in pathogenesis. The WHO classification recognizes 4 categories: nondestructive, polymorphic, monomorphic and Hodgkin-type PTLD [1] . Within the nondestructive PTLDs four variants are recognized: plasmacytic hyperplasia, infectious mononucleosis-like PTLD, florid follicular hyperplasia and more recently EBV+/HHV8+ germinotropic lymphoproliferative disorder [1, 13] . They are polyclonal proliferations retaining the local tissue architecture intact. Polymorphic PTLD consists of a spectrum of EBV-transformed cells present in an abundant inflammatory stroma, containing a mixture of T cells, plasma cells, macrophages, and dendritic cells. Monomorphic PTLD represents the PT-counterpart of all possible types of non-Hodgkin lymphomas of B-or T cell origin in immunocompetent individuals [2] .
The heterogeneity of this disease in subtype, anatomical localization, relation to EBV, the type of grafted organ and the variation in immunosuppressive therapy regimens complicates research. For the purpose of clarity we will first describe Fig. 1 Major microenvironment influencing factors. A schematic overview of the 4 major factors influencing the tumor microenvironment in posttransplant lymphoproliferative disorders. The Epstein-Barr virus has multiple para-and autocrine effects; chronic antigen stimulation leads to T-cell exhaustion; iatrogenic immunosuppression causes T-cell depletion and possible interactions between host derived and (co-)transplanted donor immune cells need to be further investigated the impact of EBV, iatrogenic immunosuppression and chronic immune-stimulation on immune cells before summarizing what is known about the TME in the different morphological subtypes of PTLD.
Impact of EBV on the Microenvironment
EBV-positive malignancies have a distinct gene signature compared to their EBV-negative counterparts [14] [15] [16] and the lack of recurrent oncogenic karyotypic aberrations in EBV+ diffuse large B cell lymphoma (DLBCL) indicates a critical role for EBV as the driver of malignancy [17] . When investigating the role of EBV in TME composition it is important to note that EBV can strictly regulate its own viral protein expression and that different EBV-driven lymphoproliferative disorders are linked with specific combinations of viral protein expression known as latency programs [18] ( Table 1 ). This implies that EBV+ B-cells in different malignancies will have different effects on the microenvironment. Diseases linked to a restricted latency program such as Burkitt lymphoma or plasmablastic lymphoma have limited immune cell infiltration while those with a broad latency, such as DLBCL, have a more abundant infiltration [5] . Interestingly, the main EBV oncogenic protein, latent membrane protein 1, influences both lytic viral replication and the expression of immunosuppressive markers pointing towards complex interactions between EBV latency program, lymphomagenesis and the microenvironment [19, 20] . The strict regulation of viral protein expression is however just one of the plenty of mechanisms through which EBV can influence anti-viral responses ( Table 2 ). The myriad of EBV-related effects on the infected B cell itself and a full review of the ways in which EBValters infected cells to promote proliferation and achieves cell immortalization is beyond the scope of this review. Excellent reviews summarizing these mechanisms have recently been published [44] [45] [46] [47] .
Some changes to infected B-cells, such as upregulation of costimulatory molecules (B7, ICAM), might however be important because they potentially contribute to T cell inactivation [48] . The in vivo impact on the microenvironment is however difficult to assess since the vast majority of studies are either in vitro work on EBV+ cell lines [40, 49] or blood samples of seropositive donors with sparse in vivo validation [50] . When investigating the impact of EBV in PTLD, it is important to take into account the co-occurrence of both iatrogenic immunosuppression and chronic immunestimulation. The current general hypothesis is that cytotoxic T cells react to EBV antigens and are attracted in greater numbers [51] . Yet one study observed a high ratio of T helper cells (CD4+) over cytotoxic T-cells (CD8+) in EBV+ PTLD [51] suggesting that the influence of immunosuppression potentially outweighs that of EBV. Despite this, one approach to gain more insight in the TME composition in PTLD is to look at other EBV-related lymphoproliferative disorders in immunocompetent patients and what it can potentially tell about the PT-counterparts of these disorders.
The Role of Specific EBV Viral Factors in Suppressing Anti-Viral Responses
The EBV-infected B cells influence anti-viral immune responses and consequently the microenvironment through a plethora of mechanisms (Table 2) . Besides its primary function of ensuring that the EBV DNA is tethered to the chromatin in dividing cells, so that EBV can persist after cell division, the EBV viral protein EBNA1 inhibits downstream TGFβ signaling to promote malignant cell growth [26] and enhances the expression of CCL20, which may play a role in recruiting regulatory T cells (FoxP3+) to the tumor microenvironment [21] . In healthy seropositive individuals EBNA1 induces a CD4 positive, IFNγ producing T cell response [52] . One study by Smets et al. [53] suggested that increased EBV viral load, combined with decreased numbers of EBV-reactive T-cells based on IFNγ, could be a predictive marker of PTLD. LMP1 in turn is not only a constitutively active mimic of CD40, a costimulatory factor involved in B cell activation, but plays a critical role in creating a highly immunosuppressive microenvironment. LMP1 induces secretion of IL6, IL8, IL10, TNFα and TGFβ through the MAPK and PI3K pathways [20, [22] [23] [24] [25] . This is further enhanced by the expression of EBV encoded viral vIL10 [27] . LMP1 is also a master regulator of lytic viral replication trough the activation of TERT (the catalytic telomerase component) via nuclear factor κB (NF-κB) and MAPK/ERK1/2 pathways, followed by inhibition of BZLF-1 expression [19, 54, 55] . Both LMP1 and LMP2A are involved in transcription of Galectin-1 with proven overexpression in EBV monomorphic PTLD [31] and a correlation with EBV latency [56] . Through NF-kB signaling LMP1 also increases the production of CCL5, CCL17 and CCL22 [22, 29] . These chemokines in turn can attract Thelper type 2 and regulatory T-cells [57] [58] [59] [60] which inhibit cytotoxic T cells. LMP1 and LMP2 have been shown to increase PD-L1 protein dosage through upregulation of an AP-1-dependent pathway and STAT3 signaling rather than chromosome 9p24.1 amplification, as is also observed in Hodgkin lymphoma and EBV+ PT-DLBCL [14, [32] [33] [34] [35] . Surface expression of PD-L1 which inhibits cytotoxic T cell function through interaction with the PD1 receptor has been detected in about 90% of EBV-driven lymphomas including PTLD [61] [62] [63] . LMP1 was also recently shown to induce myeloid derived suppressor cells in vitro in EBV+ nasopharyngeal carcinoma [30] . A subset of EBV-driven lymphomas also express BZLF-1 which switches on the lytic replication cycle of the virus. This is mainly observed in heavily immunodeficient population early post-hematopoietic stem cell transplantation [63] . BZLF-1 has been shown to inhibit CIITA transcription which disrupts antiviral CD4+ T cell activity by targeting the class II antigen presentation pathway [37] . BZLF-1 may also interact with RACK1 [64] which leads to inhibition of protein kinase C activity [38] and potentially reduced phagocytic activity of monocytes [39] . Not only viral proteins have immunomodulatory effects, also non-coding Epstein-Barr virus Encoded RNAs (EBERs) influence immune cells [65] . EBERs induce the expression of IL-10 in Burkitt Lymphoma cell lines [28] , IL-9 in T cells [66] and innate immune signals through TLR3 [40] . EBV-related miRNAs can also interfere with antiviral CD4+ and CD8+ T cell function by targeting IL-12, MHC class II, and lysosomal proteases [41, 42] . A more complete overview of EBERs in pathogenesis was made by Iwakiri et al. [43] . In summary EBV infected B-cells can influence the microenvironment trough release of various chemokines, inflammatory cytokines and exosomes containing among other things galectin-1 and galectin-9 [47, 67] . Due to the distinct latency programs of EBV and the specific role of different EBV products in shaping the immune response (Table 2) , we highly encourage sufficient EBV latency typing in future studies of the TME in PTLD.
Lessons Learnt from EBV-Related Lymphoproliferative Diseases in Immunocompetent Individuals

Infectious Mononucleosis
Research done on the TME in symptomatic EBV infection, known as infectious mononucleosis or kissing's disease, A non-exhaustive summary of described EBV-related effects with a potential impact on the immune-cell microenvironment. The in vivo and PTLD specific effects however, are often in need of further validation might not be fully representative for PTLD since EBV infection in healthy individuals is ultimately controlled and does not predispose to malignancy [68] . Histologically, dispersed large EBV+ B-cells are accompanied by an abundant inflammatory T cell and macrophage rich reaction ( Fig. 2) with clear morphological resemblance with infectious mononucleosislike PTLD. Recently, there has been increased focus on the innate immune response and specifically the role of NK cells in EBV infection control [69] . The study of NK cells in the latent phase of infection as in PT-context has yet to be studied in depth [69] but Lunemann et al. [70] found a specific IFNγ producing NK-cell subset that, when added to cultures of primary B cells infected with exogenous EBV, decreased the rate of B cell transformation as compared to other NK-cell subsets.
Classical Hodgkin Lymphoma
The differences in TME between EBV-positive and EBVnegative Hodgkin lymphomas (HL) in immunocompetent individuals was summarized by Murray et al. [36] and Tan et al. [71] . Since HL can develop in otherwise immunocompetent individuals these studies provide a way to observe the effect of EBV on the microenvironment without being confounded by other factors such as iatrogenic T cell depletion. In HL the presence of EBV correlates with both increased expression of cytotoxic T cell and T cell helper type 1 pathways [57] . EBV+ HL cells attract T helper type 2 and CCR4R+ T regulatory cells in vitro [72] and attracts higher numbers of cytotoxic T cells (CD8+) [16, 73] and regulatory T cells (CD25+, FoxP3+) [74, 75] together with and upregulation of markers of immunosuppression such as LAG3 and IL10 [74] . IL10 is secreted in part by an increased number of T regulatory 1 cells (ITGA2+, ITGB2+, LAG3+) [74] . LAG3 expression by cytotoxic T cells has been correlated with suppression of LMPspecific anti-EBV T cell response [76] . Natural killer cells have not been studied extensively in HL in contrast to infectious mononucleosis but a higher percentage has been reported [73] . Increased numbers of immature dendritic cells [77] (CD207+, CD83-) and macrophages [78, 79] were also reported. In PTLD these findings need to be validated but might be relevant for the morphologically similar polymorphic and Hodgkin lymphoma-like subtypes.
EBV+ Diffuse Large B Cell Lymphoma
DLBCL is the most frequent lymphoma in the general population, but infrequently associated with EBV in (mostly elderly) patients with no known immunodeficiency. EBV+ DLBCL was recognized by the WHO in 2008 as 'EBV-positive diffuse large B-cell lymphoma of the elderly' and renamed in 2017 as 'EBV-positive diffuse large B-cell lymphoma, not otherwise specified', since it occurs at all ages [80, 81] . No in depth study on the TME has been performed, but old age is related to T cell dysfunction and immunosenescence [82] and an immunotolerogenic immune state was reported in young patients with PD-L1 expression in tumor cells and presence of indoleamine 2,3-dioxygenase-positive dendritic cells/histiocytes [81] . A study on EBV+ DLBCL in the primary central nervous system lymphoma also found higher counts of PD-1+ lymphocytes in EBV+ cases vs. EBV-but no difference in FoxP3+ lymphocytes [83] . Gene expression profiling of both EBV-and EBV+ PT-DLBCL has shown an upregulation of antiviral immune signaling in EBV+ cases together with increased expression of markers indicative of an immune tolerant microenvironment, such as PD-L1, IDO1 and CD163 [2] . Immunohistochemical characterization showed an increased cytotoxic T cell infiltration in EBV+ PT-DLBCL but still lower counts compared to EBV-DLBCL in otherwise immunocompetent patients [63] illustrating the presence of an antiviral response although influences of other factors such as immunosuppressive therapy need to be taken into account.
Lessons Learnt from HIV-Associated Lymphomas
Human Immunodeficiency Virus (HIV) is a chronically persisting virus with immune state altering properties. Patients infected with HIV have an increased risk for the development of both Hodgkin and non-Hodgkin lymphomas which are often co-infected with EBV and/or HHV8. HIVrelated DLBCL has become less frequent with current highly active antiretroviral therapy (HAART) therapy but has not disappeared [84] . Interestingly an increased population of dysfunctional cytotoxic T cells (CD8+, TIM3+) was observed in patients with progressive HIV-1 infection [85] but recent identification of HIV-specific resident memory CD8+ T cells illustrate how identification of HIV and consequentially EBV specific T cell responses is still underway [86] . Pantanowitz et al. [87] summarized the known changes in the TME in EBV+ HIV-related DLBCL compared to DLBCL, NOS as follows: 1) increased cytotoxic T cells (CD8+), 2) decreased regulatory T cells (Foxp3+) and 3) no significant differences in macrophage numbers but higher expression of PD-L1 on both macrophages and tumor cells.
Impact of Chronic Antigen Stimulation on Microenvironment
Antigens from the grafted organ and the EBV virus cause a continuous stimulation of the immune system by prolonged T cell receptor engagement [88] . In the case of autologous hematopoietic stem cell transplantation the novel graft-derived immune cells are stimulated by all other cells in the patient's body. This has a major impact on the immune system and specifically on T cells. Cytotoxic T cells (CD8+) comprise a spectrum of naïve T cells, effector T cells, effector memory T cells and also dysfunctional T cells subsets such as exhausted T cells [89] . Exhausted T cells are characterized by expression of inhibitory receptors such as PD-1, LAG3 and TIM3 [89] . Both chronic infections as well as cancer can lead to a state of T cell exhaustion through chronic immune-stimulation [88] . Exhausted T-cell induction is employed by EBV in order to allow viral replication as shown in non-transplanted patients with HIV and EBV infections [90, 91] . Similar changes are observed for T helper cells (CD4+) with skewing towards T follicular helper cells (CD4+, PD-1+) and away from the antiviral T-helper type-1 (T-bet+) subset in persistent viral infection in mice [92] . This functional profile was related to antigen load in HIV-1 infected humans [93] and Moran et al. [94] found the level of PD-1 expression in cytotoxic T cells (CD8+) to be increased post-transplantation, independent of EBV viral load, suggesting that these changes in the T cell population are at least partially caused by non-viral factors. The relative weight of chronic antigen stimulation in the process of T cell exhaustion remains however artificial since EBV on itself also induces IL-10 and TGFβ which in turn cause T cell exhaustion [88] . High PD-1+ cell counts were associated with worse outcome in Asian and Latin-American DLBCL patients both EBV+ and EBV- [95] but further studies are needed to investigate the relevant PD-1+ cell types and the role of T cell exhaustion in PTLD.
Impact of Iatrogenic Immunosuppression on Microenvironment
Immunosuppressive therapy post-transplantation is designated to prevent graft rejection by depletion and prevention of T cell activation. Maintenance therapy often consists of a low level glucocorticoids, calcineurin inhibitors (cyclosporine A or tacrolimus), antimetabolic agents (azathioprine or mycophenolate mofetil) and mammalian target of rapamycin (mTOR) inhibitors (everolimus and sirolimus) [3] . Epidemiological studies of PTpatients have shown how immune surveillance is important in preventing carcinogenesis, irrespective of EBV, [96, 97] and established PTLD risk factors include intensity of induction immunosuppressive therapy and duration of maintenance therapy [3] . The efficacy of reduction in immunosuppression (RIS) in both EBV-positive and EBV-negative lesions [98] also indicates a role for immunosuppression in PTLD development independent of EBV status [3, 99] . The frequent co-treatment with different types of immunomodulatory/immunosuppressive drugs and different underlying disorders complicates the study of the effects of these drugs on the immune system [46] . Yet differences can be expected since not all drugs are associated with identical risks. There is for example strong evidence for an increased risk associated with tacrolimus and azathioprine but also strong evidence for no increased risk associated with mycophenolate [3] .
A cytotoxic T cell response to primary EBV infection can still be generated during a PT-immunosuppressive drug regimen [100, 101] and cytotoxic T cell infiltration (CD3+, TIA-1+) has been associated with better overall survival in PTLD [102] . But when comparing the TME of EBV-negative PT-DLBCL with EBV-negative DLBCL in immunocompetent hosts, significantly less cytotoxic T cells (CD8+) were observed [63, 103] . The impact of immunosuppressive therapy on T cell exhaustion in PTLD remains elusive but one study found PD-1+ cells in the TME more frequently in patients after heart transplantations than other solid organ transplantations [61] . A lower amount of regulatory T-cells was also observed in PT-DLBCL vs. DLBCL in immunocompetent hosts and this might be due to immunosuppressive therapy [63, 104] . Due do the severe risk associated with graft rejection in the heart transplant population these patients receive more intensive immunosuppression therapy regimens and have a higher life-long risk for PTLD. Current hypothesis is that both diminished numbers of EBV-specific T-cells and impaired function of these cells are of importance in the pathogenesis of PTLD.
TME in the Different Morphological Subtypes of PTLD
Nondestructive PTLD
Nondestructive PTLD consists of multiple distinct histopathological lesions, but all conserve local tissue architecture. These lesions most frequently develop in tonsils and/or adenoids but other sites both nodal and extranodal can be involved as well [105] . An association with EBV is observed in almost all cases of nondestructive PTLD although some cases of florid follicular hyperplasia may be EBV negative [1] . Since most cases of nondestructive PTLD usually regresses spontaneously, or after RIS, research focusing on these lesions is limited [106, 107] . Plasmacytic hyperplasia consists of numerous polytypic plasma cells, small lymphocytes and infrequent immunoblasts; infectious mononucleosis-like PTLD has similar features as infectious mononucleosis: numerous EBV+ immunoblasts surrounded by an abundant inflammatory infiltrate of T-cells, plasma cells and macrophages [1] . The germinotropic lymphoproliferative disorder (EBV+/ HHV8+) has been implicated as well and is characterized by EBV/HHV8 double positive B cells in lymph node germinal centers. Plasmacytoid dendritic cells (CD123+, BDCA-2+) play a role in the anti-viral immune response and a marked increase of these cells was observed in nondestructive PTLD vs. monomorphic-PTLD [108] . Serum concentration of human IL-10 has been proposed as a diagnostic biomarker [109, 110] but biomarkers predicting sequential development of polymorphic and /or monomorphic PTLD are currently lacking.
Polymorphic PTLD
Polymorphic PTLD consists of a heterogeneous population of EBV-transformed B-lymphocytes [3] , ranging from small over intermediate to large immunoblasts and plasma cells. The lesion is characterized by the effacement of lymph node architecture or destruction of extranodal tissue and often necrosis, but does not meet the criteria of a recognized lymphoma described in an immunocompetent host [1] . There is no official criterion for the proportion of transformed cells but they are present in a mixture of non-transformed plasma cells, eosinophils, heterogeneous T-cells, histiocytes and dendritic cells. Relapse and subsequent monomorphic PTLDs have been described [111] , but predictive markers are again lacking. Low numbers of FoxP3+ cells have been associated with an increased risk of progression [56] , but studies focused on the TME in P-PTLD are lacking despite its abundance and heterogeneous composition. This is especially unfortunate since the composition of both large transformed B cells and smaller (EBV-) B cells makes P-PTLD an excellent model to study the B cell component of the microenvironment.
Monomorphic PTLD
Monomorphic PTLD are monoclonal proliferations that fulfill the criteria for a recognized lymphoma in otherwise immunocompetent patients [1] . Up to 65% are associated with EBV [3] and it is the most frequently diagnosed subtype (80% of PTLD) [112] . DLBCL is the most frequent subtype of monomorphic PTLD (90%) [3] , but Burkitt lymphoma, plasmablastic lymphoma, primary central nervous system lymphoma, Burkitt-like lymphoma with 11q aberrations [113] and to a lesser extent lymphomas of T cell or NK-cell origin also exist [112, 114] . PT-DLBCL and DLBCL developing in immunocompetent patients have similar morphology (Fig. 2 ) but described differences in the microenvironment [115] warrant further investigation. The microenvironment of lymphomas in immunocompetent patients has been extensively reviewed by Scott et al. [5] . Important to note is that the amount of non-malignant immune cells in the microenvironment varies between these different entities, Burkitt lymphoma for example has a limited tumor microenvironment with just a few tingible body macrophages [5] .
The main changes to the TME in the PTLD counterparts are induced by the 4 PTLD specific factors (Fig. 1) . Cytotoxic T cell dysfunction is influenced by both EBV, chronic antigen stimulation and immunosuppressive therapy. EBV uses a plethora of mechanisms to achieve immune-evasion involving multiple cytokines and immune checkpoints such as PD-L1 [14] .
In the PT-DLBCL the infiltration of cytotoxic T cells (CD3+, TIA-1+) and high levels of PD-1 positive lymphocytes [56] and macrophages (CD68+) [116] have been associated with better overall survival [102] , while no effect on survival has been found for regulatory T cell (FoxP3+) counts [56, 102] or galectin-1+ cytotoxic T cell counts [56] . The EBV+ malignant B cell population is so dominant in monomorphic PTLD that non-malignant B cells are virtually absent and not much is known of their role in the microenvironment.
Conclusions and Future Perspectives
The important role of EBV in the majority of PTLD makes it into a viable target for specific therapies. The current therapy protocol for EBV+ PTLD of B cell origin is a combination of RIS, followed by anti-CD20 immunotherapy and/or CHOP chemotherapy and is no different from the treatment of EBV-negative PTLD. Various immunotherapies have been suggested for the treatment of EBV+ PTLD including adoptive T cell transfer [117] , immune checkpoint inhibitors [118] and induction of lytic viral replication in combination with ganciclovir antiviral therapy [119] .
Cytotoxic T cell dysfunction caused by EBV specific mechanisms and chronic antigen stimulation leads to an upregulation of immune checkpoint markers which could be targeted by therapy. PD-L1 expression has been reported in PTLD tumor cells and M2 macrophages [61] [62] [63] . Both EBV and chronic immune stimulation lead to increased LAG3 expression in cytotoxic T cells (CD8+). Anti-LAG3 therapy is currently undergoing phase 1 trials for multiple indications including B cell non-Hodgkin lymphomas [120] . One reason for concern however, is the possible impact on graft rejection since auto-immune effects have been observed in otherwise immunocompetent cancer patients treated with multiple immunotherapy agents [121] . In one case where PD-L1 targeting therapy (nivolumab) was used in a renal transplant patient to treat metastatic squamous-cell carcinoma the patient lost the allograft despite high-dose glucocorticoids [122] . Ex vivo adoptive cytotoxic T cells (CTL) therapy targeting EBV antigens might circumvent these problems and could be a possibility for EBV+ PTLD treatment [123] . Older pilot studies already demonstrated PTLD remission after adoptive transfer of EBV-CTLs [124, 125] . These are CTLs with a broad reactivity to a range of EBNA-and LMP-derived epitopes [125] and function of the allograft was preserved [125] . A caveat here are the effects of iatrogenic and disease-related immunosuppression which might reduce efficient T cell responses in PTLD [118] . One more positive note, the RIS also has therapeutic effects in EBV-negative PTLD highlighting that immune-modulating therapy does not need to focus on EBV-specific effects alone but could be effective in all PTLDs, including EBV-negative cases in which anti-EBV cytotoxic T cell therapy would be ineffective. Hematopoietic stem cell transplant patients are both heavily immunosuppressed and donor-derived immune cells are exposed to the abundant antigen stimulation since all cells of the host cells are allogeneic. PT-DLBCL arising in this situation is distinct for other PT-DLBCL and might be sensitive to bortezomib in combination with anti-viral therapy, since they are characterized by high endoplasmic reticulum stress and lytic EBV replication [63] . All these therapies are promising but discovery of biomarkers that can predict therapy response will be dependent on a better understanding of the TME in vivo. Especially a predictive biomarker to determine if RIS-only will lead to regression of the lesion is of interest since this could help avoid unnecessary therapies that are both a physical and financial burden for patients.
Besides the search for better therapeutic options, other questions, like how to identify PT-patients that will most likely develop PTLD and why PTLD develops in these cases remain. Answering these questions is the necessary first step in the development of preventive strategies and/or effective implementation of existing antiviral prophylaxis. Not only to prevent PTLD development but also to determine which nondestructive and polymorphic PTLD are likely to progress to monomorphic PTLD. More study of the TME in nondestructive and polymorphic PTLD-subtypes, including the innate immune cells is needed, considering the role of NKcells in the control of EBV-reactivation [126] . Better characterization of the TME in PTLD lymphomas is crucial to find these biomarkers and decide the optimal therapeutic strategy for each patient.
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